Purpose of review: Loss of flavour of fresh-cut fruits and vegetables following postharvest handling, storage and marketing results in consumer dissatisfaction and often precedes the loss of visual quality. In order to maximise product flavour, causes of its loss must be identified and prevented. Therefore, this review assesses mechanisms and factors that affect flavour loss in fresh-cut produce. Findings: Flavour loss of fresh-cut fruits and vegetables can be attributed to metabolic changes of flavour compounds and diffusional loss of volatile compounds. The contribution of each of these mechanisms has not been clearly defined in any fresh-cut commodity. Fresh-cut processing stimulates flavour loss by removing natural diffusion barriers and altering normal metabolism. Packaging can alter metabolism of flavour compounds by altering atmosphere composition, which can inhibit flavour compound synthesis or induce the production of off-flavours. Polymer films used in packaging or edible coatings can also inhibit diffusional loss of volatile flavour compounds by serving as a barrier to prevent or stimulate loss by scalping compounds from the package atmosphere. Various postharvest chemical and physical treatments used to prevent browning, reduce microbial growth and maintain product quality may affect product flavour. Directions for future research: The contribution of metabolic and diffusional processes in determining flavour change of fresh-cut fruits and vegetables during postharvest handling and marketing needs to be determined for fresh products. Determination of the significance of these processes and how packaging and postharvest treatments can affect them could lead to new technologies to preserve flavour quality in fresh-cut produce.
Introduction
The flavour of fresh-cut fruits and vegetables is determined by human perception of a complex combination of volatile, non-volatile and structural components that determine appearance, aroma, taste and texture [1] . Volatile compounds are responsible for aroma and contribute to the unique flavour characteristics that distinguish different fruits and vegetables. Non-volatile compounds contribute to the taste and texture of the product and can influence the perception of volatile compounds [2, 3*]. However, to fully understand changes in flavour during postharvest processing and handling of fresh fruits and vegetables, compositional changes in the product must be linked with sensory properties [4*].
Many factors determine the flavour of fresh-cut fruits and vegetables that reaches the consumer, starting with the flavour of the product at the time of cutting. The initial flavour is dependent on a variety of factors including genetics, pre- . Ensuring good flavour is critical for consumer satisfaction. Therefore, the purpose of this review is to assess mechanisms and factors that affect flavour loss in fresh-cut produce.
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Mechanisms of flavour loss
Following processing of fresh-cut produce, the two primary mechanisms of flavour loss are metabolic and diffusional [17**]. Metabolic changes in flavour are the result of the synthesis or catabolism of either flavour compounds or compounds responsible for off-flavours. These metabolic processes are dependent on product physiology, which is influenced by maturity and a variety of environmental factors. Diffusional changes in product flavour are a result of diffusion and mass transfer of volatile compounds out of the commodity. In addition, diffusion of compounds (taints) into the product can cause off-flavours, but will not be addressed in this review. Diffusion is dependent on the chemical and physical properties of each flavour compound, the product matrix and the packaging. The role of each of these mechanisms in determining product flavour is dependent on the product physiology and the environment in which it is held.
Metabolism
Metabolic processes that affect postharvest flavour change vary among commodities due to the diversity of product physiology and flavour chemistry among different fruits and vegetables. In a single commodity, many metabolic pathways are involved in producing the complex mixture of both volatile and non-volatile compounds responsible for its flavour. In some cases, significant changes in flavour compounds occur, but surprisingly these do not affect sensory flavour scores. Minimally-processed durian fruit pulp over-wrapped with a LDPE cling film and held at 4°C lost 53% of total volatiles, including 77% of esters, after 7 days of storage [24*]. However, a significant decrease in fruity, sulphury, or nutty aromas was not detected by sensory evaluation until day 28, at which time only 1% of the volatile esters remained. When 'Gala' apple fruit slices were stored in perforated polyethylene bags at 5.5°C for 7 days, ethyl ester concentration increased 11-fold, while acetate ester concentration declined about 50%, but no significant changes in applelike flavour were associated with these changes in ester composition [ The concentration of flavour volatiles in the package atmosphere is also influenced by the interaction of the packaging material with the specific volatiles released by the product. Mass transfer of volatile flavour compounds into and through polymer films is a three step process that is dependent on the chemistry of both the volatile and the film [71**]. Volatiles first interact by sorption into the film, then diffuse through the film driven by chemical potential differences, and finally are desorbed from the film and released into the atmosphere. As a result of this process, volatile compounds are removed from the package headspace through sorption (scalping) and permeation, which can enhance diffusional loss from the product [72, 73*] . Sorption and permeation are dependent on the solubility (partitioning) of the compound in the packaging material. Polypropylene and polyethylene, which are widely used in the packaging of fresh-cut fruits and vegetables, have a high affinity for volatile compounds due to their nonpolar properties, whereas polyesters, including the bio-based polymer polylactic acid are more polar and have a weaker affinity for flavour volatiles [74**]. Scalping of flavour compounds from processed food by polyethylene and polypropylene has been observed [75] . In studies conducted on the scalping of 
Edible coatings
Edible coatings also can act as a barrier to gas and flavour volatile transmission in fresh-cut produce. Similar to MAP, edible coatings can modify the internal atmosphere of the product and thus affect ripening and maintain product quality [84*]. If coatings prevent adequate respiratory gas exchange, anaerobic conditions can develop resulting in the formation of off-flavours [23, 85] . In addition coatings can prevent volatile off-gassing and thus maintain flavour. The application of coatings to fresh-cut fruit has had a variety of effects on fruit flavour. Mango pieces coated with carboxy methylcellulose or maltodextin had better volatile retention than uncoated fruit [86*]. However, coatings of chitosan, starch, whey protein or soybean oil emulsion resulted in poor flavour. Apple slices coated with soybean oil emulsion or carboxy methylcellulose lost important aroma volatiles when compared with uncoated slices [87] . The flavour of minipeeled carrots, stored in 1.5 mil polyethylene sealed bags at 2°C, was preserved by an edible coating of Nature Seal 1000, a cellulose-based polymer [88**]. Sensory ratings for fresh carrot aroma and flavour were higher for coated carrots than uncoated carrots after storage for 7-35 days, and it was suggested that the coating may have retarded loss of flavour volatiles from the abraded surface.
Postharvest treatments
After harvest, many fruits and vegetables are subjected to various treatments prior to or following cutting to delay ripening, control decay or maintain product quality. Many of 6 these treatments can affect product flavour although reports on flavour effects are limited. Treatments that have been applied to fresh-cut fruits and vegetables include the application of a variety of solutions through dips and sprays, fumigation with compounds to inhibit ripening or decay, and the use of physical treatments such as heat or irradiation.
Routinely, fresh-cut fruits and vegetables are treated following processing with solutions containing a variety of compounds including antioxidants, antimicrobials and salts. Most of these treatments have no effect on product flavour [89, 90*, 91] . However, when fresh-cut cantaloupe was dipped in 1% or 2.5% CaCl 2 , bitterness developed in the melon [92] . Potato (Solanum tuberosum L.) strips developed an off-odour when treated with sodium sulphite and held in passive MAP for 14 days at 4°C [93* ]. An off-flavour of 'Bartlett' and 'Anjou' pear slices also developed one day after treatment with 0.01% 4-hexylresorcinol [94] .
Treatment of many fruit with 1-methylcyclopropene (1-MCP), an ethylene-action inhibitor, maintains fruit firmness by inhibiting ripening, but also inhibits the formation of flavour volatiles, particularly esters, which are responsible for much of the fruity flavour [95] . When 'Gala' apples were pretreated with 1-MCP prior to being cut into slices and stored 7 days in perforated polyethylene bags at 5.5°C, apple slice flavour and volatiles in 1-MCP treated fruit were similar to that of control fruit [60**]. In the same study, when apples were treated with ethanol vapours prior to cutting, apple slices had lower apple-like flavour, acidity and firmness, and an increase in off-flavour caused by an accumulation of ethanol and some ethyl esters. When 'Jonagold' and 'Golden Delicious' apple slices were treated with hexanal vapours, decay was retarded and aroma was temporarily enhanced [96**]. Hexanal vapours were metabolised by the fruit tissue to form hexanol, hexyl acetate and lesser amounts of butyl hexanoate and hexyl hexanoate.
Heat treatments, used to control decay, reduce microbial contamination, or slow physiological changes, can alter product flavour [97] . Heat treatments can reduce fruit acidity and alter volatile production and texture. In 'Gala' apples pretreated with heat prior to being cut into slices and stored for 7 days in perforated polyethylene bags at 5.5°C, heat-treated apples had lower sensory ratings for apple-like flavour and acidity [60**]. Heat treatments caused a reduction in the content of acids and volatile compounds. Fresh-cut cantaloupe melon dipped in 50°C water for 60 min had more fruity/ melon aroma and taste than control fruit after 1 day of storage at 10°C in sealed plastic bowls and these differences were maintained during 8 days of storage [98*] . Unheated fruit were judged to be more bitter after 1 day and more musty, chemical, bitter, sour and fermented after 5 days. Carrot sticks treated with a radio-frequency thermal treatment of 60°C for 1-3 min maintained a higher sensory odour and taste rating than untreated controls following 14 days of storage at 6°C in a vacuum package [99] . This treatment was believed to inactivate some enzymes, but microbial counts of treated carrots became unacceptably high.
Irradiation with ultraviolet (UV) and ionising radiation has been used in attempts to reduce microbial load and in some cases induce decay resistance. Exposure of thin slices of pineapple to UV light caused a 2-fold increase of the sesquiterpenes copaene and ocimene, which have antimicrobial activity [38] . UV treatments also increased the production of the terpenoids ß-ionone, ß-ionone epoxide, and dihydroactinidiolide in fresh-cut cantaloupe and it was suggested that these terpenoids could be detrimental to fresh melon flavour [35**]. Lamikanra et al. [100*] reported that fresh-cut cantaloupe treated with UV light (1,180 mW/cm 2 for 4 min) smelled less rancid and more fruity after 6 days of storage than control fruit. The reduction in rancid smell was associated with a reduction in lipase activity in the treated fruit. Ionising radiation treatments have not been shown to have significant effects on fresh-cut product flavour. Romaine lettuce sealed in laminate polyethylene bags and irradiated with 0.15 or 0.35 kGy of gamma radiation developed offodours after 11 days of storage at 4°C, but the irradiation treatment had no effect on off-odour induction [56*].
Microbial effects
Fresh-cut processing of fruits and vegetables often enables microbial growth, which can be detrimental to product aroma and flavour. Off Treatments that inhibit microbial growth also reduced the development of off-odours. Off-odours and decay of fresh-cut honeydew melon were prevented by a 15% CO 2 atmosphere during 12 days of storage at 5°C [11] . Chlorine dips of cantaloupe and honeydew melons, prior to and following cutting maintained acceptable odour and flavour following 20 days of storage in MAP, while undipped fruit did not [9*]. This loss of flavour and odour quality was associated with increases in log 10 microbial counts, which reached 6.7 (aerobic plate count), 7.4 (total plate count), 3.4 (mould) and 3.6 (yeast) in undipped melons compared with 3.1, 3.8, 1.1 and 1.0, respectively, in chlorine dipped melon. Offodours developed in fresh-cut potatoes held at 6°C in MAP for 7 or 14 days, but were reduced when held at 1°C or treated with the antimicrobial compounds 5% erythorbic acid/1% citric acid or 1% diethylenetriamine pentaacetic acid [101] .
Conclusions
The flavour of fresh-cut fruits and vegetables is a complex and dynamic trait. Causes of flavour loss are confounded by the interactions of multiple factors affecting flavour, including its diverse chemical nature, complexity of human perception, and multiple mechanisms driving loss. The two primary mechanisms responsible for flavour loss during postharvest handling are metabolic changes of flavour compounds and 7 diffusional loss of volatile compounds. Fresh-cut processing stimulates flavour loss by removing natural diffusion barriers and altering normal metabolism. MAP can alter metabolism of flavour compounds by altering package atmosphere composition, which can inhibit flavour compound synthesis. Under extreme atmospheres, the production of off-flavours can be induced although fresh-cut products appear to be more tolerant to low O 2 and high CO 2 concentrations than whole produce. Polymer films used in packaging, as well as edible coatings, can either inhibit or stimulate diffusional loss of volatile flavour compounds. The barrier properties of packaging or coating materials can substitute for the natural barriers removed during processing and reduce diffusional flavour loss. However, nonpolar polymers, such as polyethylene and polypropylene that are commonly used for packaging, have a strong affinity for many nonpolar flavour volatiles. This has the potential to cause flavour loss through scalping. Various postharvest chemical and physical treatments used to extend shelf-life of fresh-cut produce also may affect product flavour by preventing flavour degradation, inhibiting microbial activity or inducing off-flavour. To date, of the studies that have characterised flavour change in fresh-cut produce, few have attempted to assess underlying mechanisms. Understanding mechanisms and factors that affect flavour retention in fresh-cut produce could lead to new technologies for the preservation of flavour quality. 
References
